Higher-order nonlinearity of light-matter interactions, such as second and third harmonic generation (SHG & THG) and Coherent anti-Stokes Raman Scattering (CARS) can be used for improving spatial resolution in microscopy as a consequence of the confinement of the nonlinear polarization to the high-intensity region of the focal volume. However, the resolution is limited to ~300 nm, not sufficient to resolve macromolecules or nanostructures of interest in the bio-, lifeand nano-sciences. In the strive to push the resolution beyond the diffraction limit, allowing for nanoscale imaging, we have equipped a nonlinear optical microscope with a scanning-probe setup operated in tapping-mode feedback. A tapered, gold-coated, open-aperture tip with an aperture diameter of ~150 nm is scanned over the sample, probing the nonlinear nearfield generated by free-beam excitation. First nonlinear coherent Raman nearfield images of biological macromolecules and metallic nanostructures are shown. Limitations and future challenges with nonlinear nearfield microscopy are discussed.
INTRODUCTION
Inspired by Nature, scientists are designing supra-molecular structures by assembling the building blocks of life, such as nucleic acids, peptides, and lipids, or nanostructures of e.g. gold and carbon to form novel higher-order arrangements with tailored structural, chemical, optical, electrical, and mechanical properties. Examples are programmable 3D DNA shapes 1 , fluidic systems composed of lipid vesicles joined by lipid nanotubes 2 , engineered polypeptides with sequences triggering cellular responses 3 , matrices of graphene and carbon nanotubes 4 , and nanophotonic devices 5 . There is an increasing need to visualize these supra-molecular designs, which is far from trivial due to their nano-scale dimensions (10-100 nm) and fragile structures. Electron Microscopy (EM) or tomic Force Microscopy (AFM) are currently being used, neither of which provide chemically specific information. Tip-Enhance Raman Scattering (TERS), probing spontaneous Raman-scattered light by a nano-sized gold tip, is a promising tool that generates chemical information 6 . Despite the enhancement, the signal is fairly weak, requiring long integration times. In order to overcome this, the coherent correspondent, Coherent AntiStokes Raman Scattering, has been probed in an analogue way 7 . However, the gold-tip generates a four-wave mixing signal at the same frequency as the molecule probed, sometimes overwhelming the signal of interest. As an alternative, Schaller et al. probed the CARS nearfield with a chemically etched, uncoated 50 nm-sized NSOM fiber tip 8 . However, the generation of the CARS process was relatively inefficient as the excitation beams were focused onto the sample from the side, forming a 100 µm large spot. In addition, femto-second pulsed excitation was applied, providing limited chemical specificity due to the broad spectral width. In this work, we investigate a new excitation and detection scheme; we excite the sample with pico-second pulses were probe system (Multiview 2000, Nanonics Ltd., Israel), see Fig. 1 . This system consists of two piezocontrolled XYZ translators covering a range of 170 µm in all dimensions at a precision of 5 Å; one for the NSOM probe and one for the sample. The probe was kept in the center of the focal volume of the excitation beams, while the sample was scanned in the lateral plane. During the scan, the optical intensities through the NSOM probe and the relative height position were recorded. A commercially available open-aperture probe (Nanonics Ltd., Israel) was used with an aperture diameter of ~150 nm surrounded by Cr and Au coatings of ~220 nm in total. The diameter of the tip sets the spatial resolution for the optical measurement as well as for the topographical imaging. The height of the tip above the sample was kept constant using a phase feed-back mechanism (tuning fork). The probe was operated in tapping mode at a frequency of 35 KHz. The images were built up from 200×200 pixels with 10 ms integration time per pixel. The nearfield was guided into the aperture of the probe and further transmitted to a single-photon counting PMT (HPM-100-40, Becker & Hickl GmbH, Germany) by a multimode fiber connected to the probe. The CARS signal was spectrally filtered out by three optical band-pass filters (FF01-661/20-25, Semrock, USA) mounted at the entrance port of the PMT. The signals were recorded by a Time-Correlated Single Photon Counting module (SPC-154 TCSPC, Becker & Hickl GmbH, Germany). By limiting the detection window to the instantaneous photons, potential impact of two-photon excited autofluorescence was minimized.
The far-field images were collected by spatially scanning the focused excitation beams pixel-wise over the sample, or by scanning the sample in the same way as for the NSOM imaging. For all far-field images the tip was retracted from the surface of the samples. The generated signal was either collected in the forward direction by a collection lens or in the epi-direction by the objective. In the epi-direction the same detector as for the NSOM experiment was used (HPM-100-40, Becker & Hickl GmbH, Germany), while a different PMT was used in the forwarddirection (R6357, Hamamatsu, Japan). The same optical filter as for the NSOM detection was used to filter out the far-field CARS signal.
Measurements of electrospun protein-engineered polypeptide fibers
As an illustration, electrospun fibers of protein engineered peptides were mapped by nearfield CARS microscopy simultaneously with the topography. The fibers form the units in a tissuemimicking scaffold intended for tissue engineering constructs developed by Prof. Sarah Heilshorn et al., Stanford University 9 . The scaffold was spun from a solution of polypeptides composed of elastin modules and the cell adhesion promoting amino acid sequence RGD. In order to assure long-term stability, the fibers were subsequently cross linked by a glutaraldehyde vapor technique. The width of the Elastin-Like Protein (ELP) fibers ranged between a few hundred nanometers to several micrometers. By means of nonlinear nearfield microscopy, we addressed the question whether the electrospinning or the crosslinking induced any chemical inhomogeneities in the individual fibers.
Measurements of human brain tissue
Fixed, 30 µm thick sections of the cerebral cortex (grey matter) of human brain tissue were visualized by CARS nearfield microscopy. Samples were investigated under dry conditions. As grey matter consists primarily of neurons, unmyelinated axons and capillaries, they generate weak CARS signals at 2845 cm -1 in contrast to white matter consisting of myelinated axons. ,^'D.:
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